We compute couplings between the ρ-meson and D-and D * -mesons -D ( * ) ρD ( * ) -that are relevant to phenomenological meson-exchange models used to analyse nucleon-D-meson scattering and explore the possibility of exotic charmed nuclei. Our framework is built from elements constrained by Dyson-Schwinger equation studies in QCD, and therefore expresses a simultaneous description of light-and heavy-quarks and the states they constitute. We find that all interactions, including the three independent D * ρ D * couplings, differ markedly amongst themselves in strength and also in range, as measured by their evolution with ρ-meson virtuality. As a consequence, it appears that one should be cautious in using a single coupling strength or parametrization for the study of interactions between D ( * ) -mesons and matter.
I. INTRODUCTION
Development of a detailed understanding of charmonium production and decay in heavy-ion collisions is an important but difficult task. The charmonium production rate is correlated with the nature of the medium produced in the heavy-ion collision, which might be a quark gluon plasma; and many of the charmonium decays involve production of mesons with exposed charm, which themselves interact both with lighter mesons and the medium on their way to producing the observed final states. Detailed knowledge of such hadronic effects and interactions is therefore required in order to reach reliable conclusions about a new state of matter from the final composition and distribution of decay products.
Information about charm-meson final-state interactions can be inferred from charmonium decays. An important example is the "exotic" heavy charmed state X(3872), first observed in B decays by Belle [1] , confirmed by BaBar [2] , and found inpp collisions by the CDF II [3] and DØ [4] Collaborations. The X(3872) appears to be a J P C = 1 ++ state and, within errors, its mass [5] , M X = 3871.69 ± 0.12 MeV/c 2 , coincides with theD 0 D * 0 threshold. Its composition is controversial and numerous theoretical descriptions have been proposed, e.g. a mixture of pure charmonium and a molecular bound state [6] , a purely molecular bound state [7] [8] [9] [10] [11] [12] [13] , and a tetraquark state [14] [15] [16] [17] . Molecular bound states are plausible since the mass difference between the X(3872) and theD 0 D * 0 system is extremely small, as discussed in Ref. [13] ; and although the binding mechanisms differ, these states might bear similarities to conjecturedpp bound states in J/ψ decays [18, 19] .
Irrespective of its internal structure, the observed decays X(3872) → J/ψ π + π − [1] [2] [3] [4] , X(3872) → J/ψ π + π − π 0 , X(3872) → J/ψ γ [20] , and X(3872) → D 0D0 π 0 [21] involve final-state interactions, which can be studied using phenomenological Lagrangians. In such an approach, the J/ψ ρ state in X(3872) → J/ψ ρ → J/ψ π + π − is preceded by a D-meson loop that couples to the J/ψ and ρ [8] and the reaction D ( * ) D ( * ) → πX(3872) involves an intermediate triangle diagram with pseudoscalar and vector mesons [12] . The model Lagrangians are expressed in terms of couplings, e.g. g D * πD , g DρD , g D * ρD and g D * ρD * , which are a priori unknown.
Heavy-quark symmetry implies that all such Lagrangian couplings are degenerate at leading order [22, 23] ; but significant Λ QCD /m c corrections spoil this prediction. In the limit of exact chiral, heavy-flavor and spin symmetries, a heavy-meson chiral effective Lagrangian [22] describes the strong interactions between any two heavy mesons and a pseudoscalar Nambu-Goldstone boson, where the effective coupling,ĝ, plays a basic role. At leading order in the effective theory, this coupling can be related to the hadronic πD|D * decay amplitude:
where, with ε the D * -meson polarisation vector,
It has been shown, however, that O(1/m c ) corrections are not negligible: applying Eq. (1) to both the strong decay D * Dπ and the (unphysical) process B * Bπ in the chiral limit [24, 25] , there is a material difference between the values ofĝ extracted from either g D * πD or g B * πB . Another issue also arises: canĝ be realistically and unambiguously related to all the strong-interaction matrix elements mentioned above, g D * πD , g DρD , etc., i.e. is there a practically useful universal value ofĝ?
The study of interactions between charmed mesons and nuclear matter are a major piece of the proposed activities of the PANDA Collaboration at the future Facility for Antiproton and Ion Research (FAIR) [26] ; and it could also conceivably be pursued at the upgraded Jefferson Laboratory. For example, low-momentum charmonia, such as J/ψ and ψ, as well as D ( * ) mesons, can be produced by annihilation of antiprotons on nuclei [27] and in electroproduction from nuclei owing to enhancements of hadronic interactions at threshold [28] [29] [30] [31] . Since charmonia do not share valence-quarks in common with the surrounding nuclear medium, competing mechanisms have been proposed to describe the influence of that medium on their propagation, e.g. QCD van der Waals forces, arising from the exchange of two or more gluons between color-singlet states [32, 33] ; and intermediate charmed hadron states [34, 35] , such thatD ( * ) D ( * ) hadronic vacuum polarization components of the J/ψ interact with the medium via meson exchanges [36] .
Model Lagrangians have also been employed to study interactions between open-charm mesons and nuclei in attempts to explore the possibility of charmed nuclear bound states [37] [38] [39] [40] [41] [42] . They are formulated with couplings between D ( * ) mesons and light pseudoscalar and vector mesons, which are typically derived via an SU (4) extension of light-flavor chirally-symmetric Lagrangians. Exotic states formed from a heavy meson and a nucleon were also investigated using heavy-meson chiral perturbation theory [42] .
One might also seek a direct computation of the inmedium properties of systems containing charm by using a bound-state formalism. For example, the variation of the pion's mass, decay constant and elastic form factor as a function of nuclear density was recently studied in a light-front approach in Ref. [43] . In the longer term, however, one hopes to achieve a symmetry-preserving description of the in-medium properties of charm boundstates via a direct study of the relevant gap and BetheSalpeter equations subject to the inclusion of a chemical potential, as completed for the π-and ρ-mesons with simplified interaction kernels [44, 45] .
In the context of this widespread interest in systems containing charm, herein we determine the general structure of the coupling of a ρ-meson, which is typically offshell, to on-shell D-and D * -mesons and compute the Poincaré-invariant amplitudes that arise, using a framework in which all elements are constrained by DysonSchwinger equation (DSE) studies in QCD. This approach provides a simultaneous description of light-and heavy-quarks and the bound states they constitute as well as of their electromagnetic and heavy-to-light transition form factors and strong couplings in the so-called triangle digram approximation [24, 25, [45] [46] [47] [48] [49] [50] [51] .
The simplest case, viz. the DρD coupling, g DρD , has previously been considered, with an estimate of the SU (4) flavor-breaking pattern which relates g DρD to the well-constrained benchmark πρπ coupling and to the KρK coupling, namely the ratios of couplings g KρK /g DρD and g KρK /g πρπ . In the case of exact SU (4) symmetry, these ratios are respectively, 1 and 1/2, though it was found that SU (4) flavor symmetry is broken at the 300-400% level [51] . Furthermore, in comparison with common monopole parametrizations [41] , the DρD form factors computed in Ref. [51] possess a larger zero-momentum coupling and are considerably softer. These qualities could have a significant impact, e.g. on predictions for X(3872) production in heavyion collisions, which have sometimes used momentumindependent couplings based on SU (4) symmetry [12] .
Herein, therefore, we revisit and extend the study in Ref. [51] , and compute the couplings DρD, D * ρD and D * ρD * . We analyse the complete structure of the amplitudes and expose differences in the magnitude and functional forms of the five associated momentum-dependent couplings.
II. CHARM AMPLITUDES
The couplings used in phenomenological Lagrangians can be related to amplitudes describing transitions between on-shell pseudoscalar and/or vector D = cf (f = u, d) mesons via emission of a ρ-meson, which is typically off-shell in practice. The transition amplitudes may be expressed in terms of incoming and outgoing momenta, p 1 and p 2 respectively, with q = p 2 −p 1 being the ρ-meson momentum, and the helicity,
* , of the participating vector-mesons. They can be used to define the dimensionless couplings g DρD (q 2 ) and g D * ρD (q 2 ):
Owing to the presence of three vector-mesons, two onshell, the D
with
where the four-momentum p is defined by
T γσ is the standard transverse projection operator, and we have deliberately included a "−" sign in the definition of T 2 µρσ so that
The amplitude in Eq. (5) can be written:
in which case:
The tensor decomposition in Eq. (5) is not unique; more general structures have been proposed, with up to 14 form factors [55] ; but many of those are necessarily equal owing to Boson and charge conjugation symmetries. The physical decay ρ → ππ is also described by a matrix element like that in Eq. (3). In the present case, however, there are plainly no associated physical processes. Notwithstanding that, a coupling of this sort is employed in defining ρ-mediated exchange interactions between a nucleon and kaons or D-mesons [39, 41] . In such applications the off-shell ρ-meson's momentum is necessarily spacelike, and couplings and form factors may be defined once one settles on a definition of the off-shell ρ-meson.
We choose to employ a symmetry-preserving approach based upon DSE studies in QCD that provide sound results for mesons involving a heavy-quark [24, 25, [56] [57] [58] [59] [60] . In this approach, quark propagation is described by fully-dressed Schwinger functions, whose analytic structure is sufficient to ensure confinement [61] . The dressing has a particularly significant effect on the properties of light-quarks, which are characterised by a strongly momentum-dependent running-mass whose impact on observables cannot adequately be captured by using a single constituent-like mass-value [48, [62] [63] [64] [65] .
At leading-order in a systematic, symmetry-preserving truncation scheme [66] , one may express Eq. (3) as
where the trace is taken over color and Dirac indices; S f (k f ) represents a dressed-quark propagator for the indicated flavor [we work in the isospin symmetric limit, so l = u = d]; Γ D , Γ ρ are, respectively, Bethe-Salpeter amplitudes for the D-and ρ-mesons; and momentum conservation requires
, with the relative-momentum partitioning parameters satisfy w 1 + w 2 = 1. The integral expressions for Eqs. (4) and (5) 
. This impulse-like approximation has enjoyed widespread success, including applications such as that herein [24, 51, 57, 58] .
III. DSE FRAMEWORK
The amplitude in Eq. (9) can be computed once the dressed-quark propagators and meson Bethe-Salpeter amplitudes are specified.
A. Dressed quark propagators
The dressing of the quark (or antiquark) within a given meson is described by a gap equation, the solution of which has the general form
(10) For light-quarks, it is a longstanding prediction that both the wave-function renormalization, Z(p 2 ), and dressedquark mass-function,
, receive strong momentum-dependent modifications at infrared momenta: Z is suppressed and M enhanced. These features are characteristic of dynamical chiral symmetry breaking (DCSB) and, plausibly, of confinement.
1 The importance of this infrared dressing has long been emphasized, e.g. it is intimately connected with the appearance of Nambu-Goldstone modes [50] . The predicted behavior of Z(p 2 ), M (p 2 ) has been confirmed in numerical simulations of lattice-regularized QCD [46, [67] [68] [69] .
Whilst numerical solutions of the quark DSE are readily obtained, the utility of an algebraic form for S(p), when calculations require the evaluation of numerous integrals, is self-evident. Such an algebraic propagator must not only provide an accurate parametrization of extant DSE solutions at spacelike momenta, it must reproduce two crucial features of DSE studies; namely, violation of reflection positivity and agreement with perturbative QCD at ultraviolet momenta neglecting anomalous dimensions for simplicity. An efficacious parametrization, exhibiting all the above features and used extensively [57, 58, 70, 71] , is expressed viā
. The parameters were fixed by requiring a least-squares fit to a wide range of light-and heavy-meson observables, and take the values [57] :
At a scale λ = 0.566 GeV, the current-quark mass is m u = 5.4 MeV and one obtains the following Euclidean constituent-quark mass, defined aŝ (12) [
impact of DCSB on light-quark propagators is significant, the effect diminishes with increasing current-quark mass [see, e.g. Fig. 1 in Ref. [57] ]. This can be explicated by considering the dimensionless and renormalization-group-invariant ratio ς f := σ f /M E f , where σ f is a constituent-quark σ-term: ς f measures the effect of explicit chiral symmetry breaking on the dressedquark mass-function compared with the sum of the effects of explicit and dynamical chiral symmetry breaking. Calculation reveals [72] : ς u = 0.02, ς s = 0.23, ς c = 0.65, ς b = 0.8. Plainly, ς f vanishes in the chiral limit and remains small for light quarks, since the magnitude of their constituent mass owes primarily to DCSB. On the other hand, for heavy quarks, ς f → 1 because explicit chiral symmetry breaking is the dominant source of their mass. Notwithstanding this, confinement remains important for the heavy-quarks. These considerations are balanced in the following simple parametrized form for the c-quark propagator:
which implements confinement but produces a momentum-independent c-quark mass-function; namely, σ
B. Bethe-Salpeter amplitudes
A meson is described by the amplitude obtained from a homogeneous Bethe-Salpeter equation. In solving that equation the simultaneous solution of the gap equation is required. Since we have already chosen to simplify the calculations by parametrizing S(p), we follow Refs. [24, [57] [58] [59] and also employ that expedient with Γ D ( * ) , ρ .
Regarding the ρ, DSE studies of light-vector mesons [73, 74] indicate that, in applications such as ours, one may effectively use
namely, a function whose support is greatest in the infrared. 2 Similarly, for the charm mesons we choose:
and
These Ansätze represent a practical simplification, whose form derives from the understanding of meson BetheSalpeter amplitudes accumulated during the past two decades [77] and introduce three vector-meson width parameters: ω ρ , ω D , ω D * . Since we don't assume heavyquark symmetry, ω D = ω D * . The quantities N ρ , N D and N D * in Eqs. (14) are canonical on-shell normalization constants. They are defined such that, e.g.
for the D-meson, with analogous expressions for the ρ and D * [57] . Using Bethe-Salpeter amplitudes normalized in this way, the width parameters may be fixed by computing the mesons' leptonic decay constants, f M :
where
, with flavors f 1,2 chosen appropriately, and then requiring agreement with experiment or reliable theoretical predictions.
The DSE approach to the calculation of hadron observables is Poincaré covariant provided the full structure of hadron bound-state amplitudes is retained [75] . However, we restrict ourselves to a simple one-covariant model for the amplitudes, with the goal of simultaneously describing a wide range of phenomena; and with omission of the full structure of amplitudes comes the complication that our results can be sensitive to the definition of the relativistic relative momentum. Every study that fails to retain the full structure of the Bethe-Salpeter amplitude shares this complication. To proceed, we must therefore specify the relative momentum in Eq. (9) and its analogues, and in Eqs. (16)-(17). When a heavy-quark line is involved, we allocate a fraction, w 1 , of the heavy-lightmeson's momentum to that heavy-quark; consequently, w 2 is the momentum fraction carried by the light quark. A natural choice is
which allocates most, but not all, of the heavy-lightmeson's momentum to the c-quark. We stress that in a Poincaré invariant calculation, no physical observable can depend on the choice of momentum partitioning; but that feature is compromised in our approach and any sensitivity to the partitioning is an artifact that owes to our simplifications. (This issue is further elaborated elsewhere [78, 79] ) [81] . It is also worth remarking that the momentumspace widths determined in this way are consistent with intuition [all lengths measured in fm]: (19) i.e. by a rough measure, a vector meson is larger than a pseudoscalar meson; and charm states are smaller than light-quark states.
With the meson width-parameters now fixed, the couplings g DρD , g D * ρD and {g i D * ρD * , i = 1, 2, 3}, Eqs. (3)-(6) respectively, can now be computed using Eq. (9) and its analogues. The coupling g DρD was discussed elsewhere [51] in connection with SU (4) flavor-symmetry breaking; but we nevertheless recompute it herein, taking this opportunity to improve on the numerical integration method used previously. Both dimensionless couplings g DρD and g D * ρD are plotted as a function of the off-shell ρ-meson momentum, q 2 , in Fig. 1 (upper panel): they are smooth and monotonically decreasing as q 2 increases away from the on-shell point q 2 = −m 
Notably, the coupling g D * ρD is, on average, four-times larger than g DρD on this domain, something which can primarily be attributed to differences in the D and D * canonical normalization constants and hence, indirectly, to f D * > f D (see Table I ). Moreover,
In principal, the coupling between three vector-states could generate a complicated tensor structure; but, as we noted in connection with Eq. (5), symmetries reduce the number of independent D * ρD * couplings to just those three depicted in Fig. 1, lower 
For clarity, we list all q 2 = 0 coupling values in Table II . All couplings are again smooth, monotonically decreasing functions of their argument; but there are notable quantitative differences between their magnitudes and 
Such relative strengths are of the same magnitude as those found in the ρ-meson elastic form factor [84] . Moreover,
It is notable thatḡ 3 (s) ≈ 0.7ḡ D * ρD (s), i.e. this one of the D * ρD * couplings is similar in magnitude to the D * ρD coupling. We find in addition that g 3 (−ŝ) ≈ g 1 (−ŝ). This approximate equality is not a consequence of symmetries; but it is fairly insensitive to a variation in ω ρ , the ρ-meson width parameter.
We close this section by remarking that errors on our computed couplings owe chiefly to uncertainties in the values of the weak-decay constants and the momentum partitioning parameters, both of which translate into uncertainties in the width parameters characterising our simplified meson Bethe-Salpeter amplitudes.
3 The analysis shares these characteristics with many other leadingorder DSE computations and hence we judge that our predictions are accurate at the level of 15%, as is typical of analyses using this truncation [85] .
V. COMPARISONS WITH OTHER EVALUATIONS
Lattice-regularized QCD (lQCD) results on electromagnetic form factors of D-and D * -mesons have been used as constraints on a vector dominance model in order 3 Exemplifying, with a ±15% variation in w c 1 : the leptonic decay constants, f D and f D * , change by less-than 3%; and, on the domain depicted, the form factors exhibit a mean relative shift of less-than 9%. Thus, on a sizable neighborhood centered on the model-defining value of w c 1 , our predictions are qualitatively and semi-quantitatively unchanged. For comparison, if one attributes all the D-meson's momentum to the heavy quark (w c 1 = 1), none of the results change by more than 10%. At the other extreme, for w c 1 = 0, the form factors are moderately altered (∼ 30%), but it is not possible to explain f D nor g D * Dπ .
to infer [86] two of the q 2 = 0 couplings listed in 
The DρD value is similar to both our prediction and the result obtained using QCD sum rules g SR DρD = 2.9 ± 0.4 [87, 88] , albeit closer to our result; but the D * ρD * strength is roughly 50% of our computed value for the weakest of the three independent couplings, g 1 D * ρD * (0), which is associated with the tensor structure analysed in the lQCD study.
The D * πD coupling is also reported in Ref. [86] :
obtained from a matrix element involving an axial-vector current. Within errors, this value agrees with the result listed in the caption of Table II , which was obtained using the same framework as ours. Converted to the neutralpion normalisation, Eq. (27) corresponds to g Latt.
D * π 0 D = 11.48(1.21), which is also similar to the sum rules result: g SR D * πD = 9.9 ± 1.0 [88] , although larger, as was the case with DρD coupling.
Sum rules have also been used to estimate the D * ρD coupling [88, 89] 
This value is factor of five less than we predict, viz. using Eq. (21) (5) that is associated with the chosen tensor structure is computed twice: once using sum rules and again using a phenomenological Lagrangian [90] . The resulting expressions are equated; and then a double Borel transformation performed on the variables p 2 1 , p 2 2 , which express on-shell quark-mass singularities in the triangle-diagram sum-rules computation and D * -meson mass-poles on the phenomenological Lagrangian side. It is argued [55, 88] that this Borel step improves matching: plainly, it works to mask the mismatch between the location of singularities in the two equated expressions. The procedure yields a single coupling at spacelike momenta, q 2 > 0, which is extrapolated into the timelike region using various parametrizations [88] , resulting in a value g SR D * ρD * (−m 2 ρ ) = 4.7 ± 0.2. This value is a factor of six smaller than the weakest of the three independent couplings that we have computed: g 1 D * ρD * (−m 2 ρ ) ≈ 28. It is worth highlighting in this connection that whereas we predict:
where the on-shell ρ → ππ coupling g 
Evidently, the sum rules results reviewed herein are uniformly and significantly smaller than our predictions. Underlying the sum rules analyses is the assumption of free-particle structure for the quark propagators appearing in the triangle diagram, which entails the presence of (unphysical) quark production thresholds but enables the use of dispersion relations to express the operatorproduct-expansion side of the equation. In addition, the meson↔quark+antiquark vertices are bare. In contrast, we employ dressed-quark propagators, Eqs. (10), (11) , which ensure that the quarks appearing in the triangle diagram are confined, i.e. the propagators do not possess free-particle poles; and we use Bethe-Salpeter amplitudes, Eqs. (14), to express the meson↔quark+antiquark correlations. It is probable that these fundamental dissimilarities in the basic assumptions are largely responsible for the marked discrepancies between our results and those collected in Ref. [88] . Nevertheless, a deeper exploration of the differences is merited, with an aim of reconciling them.
VI. CONCLUSION
In the heavy-quark limit there is a single universal quantityĝ that describes the coupling between heavylight mesons and their purely light-quark counterparts; and it is plausible that this quantity can be extracted with some accuracy from theoretical analyses of the g B * πB coupling. However, our study indicates thatĝ does not play a practically useful role in the description of such interactions when they involve D-and D * -mesons. Indeed, couplings between D-, D * -mesons and π-, ρ-mesons can differ by almost an order-of-magnitude, and they also exhibit different evolution with light-meson virtuality [ Table II and Fig. 1] .
It seems worthwhile to explore the impact of our findings on a wide variety of predictions for charmed meson observables, such as those described in the Introduction that are based on phenomenological meson-exchange models.
